The stability of levees in the Sacramento-San Joaquin Delta is threatened by continued subsidence of Delta peat islands. Up to 6 meters of land-surface elevation has been lost in the 150 years since Delta marshes were leveed and drained, primarily from oxidation of peat soils. Flooding subsided peat islands halts peat oxidation by creating anoxic soils, but net accumulation of new material in restored wetlands is required to recover land-surface elevations. We investigated the subsidence reversal potential of two, 3-hectare, permanently flooded, impounded wetlands re-established on a deeply subsided field on Twitchell Island. The shallower wetland (design water depth 25 cm) was almost completely colonized by dense emergent marsh vegetation within two years; whereas, the deeper wetland (design water depth 55 cm) which developed spatially variable depths as a result of heterogeneous colonization by emergent vegetation, still had some areas remaining as open water after nine years. Changes in land-surface elevation were quantified using repeated sedimentation-erosion table measurements. New material accumulating in the wetlands was sampled by coring.
Land-surface elevations increased by an average of 4 cm/yr in both wetlands from 1997 to 2006; however, the rates at different sites in the wetlands ranged from -0.5 to +9.2 cm/yr. Open water areas of the deeper wetland without emergent vegetation had the lowest rates of land-surface elevation gain. The greatest rates occurred in areas of the deeper wetland most isolated from the river water inlets, with dense stands of emergent marsh vegetation (tules and cattails). Vegetated areas of the deeper wetland in the transition zones between open water and mature emergent stands had intermediate rates of land-surface gain, as did the entire shallower wetland. These results suggest that the dominant component contributing to land-surface elevation gain in these wetlands was accumulation of organic matter, rather than mineral sediment, and that accumulation of organic matter in emergent marshes is strongly affected by hydrologic factors. Re-established, non-tidal wetlands with managed hydrology can produce significant increases in land-surface elevations, which can help to improve levee stability and protect subsided islands from future flooding.
intRoDUCtion the Sacramento-San Joaquin Delta
The Sacramento-San Joaquin (SSJ) Delta was once a vast freshwater marsh, east of the San Francisco Bay, at the confluence of the Sacramento and San Joaquin rivers. Peat deposits up to 18 meters thick formed in the SSJ Delta as accretion in the marshes kept pace with sea level rise during the last 6,000 years (Atwater and Belknap 1980; Shlemon and Begg 1975) . Beginning in the mid-1800s, tracts of marshland were leveed, drained, and cleared for agricultural development. The SSJ Delta currently consists of 57 islands and tracts protected from inundation by approximately 1700 kilometers of levees (Figure 1; DWR 1995) . The islands have extensive networks of drainage ditches and pumps to remove water from the soils and return it to SSJ Delta channels in order to maintain crop-rootzone soils dry enough for agricultural use. Drainage of soils has resulted in landsurface subsidence of up to 7 meters below sea level ( Figure 1 ).
The drained peat subsides by three distinct mechanisms: compaction of peat still below the water table due to reduction in buoyancy as fluid pore pressures drop, shrinkage of peat soils above the water table due to desiccation, and loss of peat soils at and above the water table by microbial oxidation of the organic matter to carbon dioxide under aerobic conditions (Ewing and Vepraskas 2006; Wosten and others 1997; Price and Schlotzhauer 1999; Stephens and others 1984) . In addition, agricultural practices may result in variable amounts of soil compaction by heavy machinery, loss of surface soil by wind erosion, and accelerated soils oxidation by periodic burning of fields (Weir 1950) . Microbial oxidation accounts for approximately 75% of the current subsidence on SSJ Delta peat islands (Deverel and Rojstaczer 1996) . Current, ongoing rates of subsidence range from 0.6 to 4.0 cm/yr as the peat soils continue to oxidize and compact under current land-use practices (Rojstaczer and Deverel 1995) . This subsidence will continue under current land-use practices until the peat layer is exhausted. The peat layer has already been completely removed in southern and eastern portions of the SSJ Delta, but is still present in central, western, and northern portions, with thicknesses greater than 12 meters in areas of the western Delta (DWR 1995) .
Land surface subsidence threatens the stability of the levee system that maintains the current configuration of the SSJ Delta (Ingebritsen and Ikehara 1999) . The elevation difference between the river water and the water levels in the drainage ditches drives seepage through and under the levees; and compaction of peat foundations beneath levees causes cracking and slumping, necessitating continuous, expensive levee maintenance operations. Despite these efforts, levee failures are not uncommon: 15 major islands flooded at least once between 1967 and 1992 (DWR 1995 . Hydrostatic stress on a levee is approximately proportional to the square of the hydraulic head difference between the two sides of the levee, implying that the precariousness of the system will increase geometrically as subsidence continues (Mount and Twiss 2005) .
Failure of this increasingly vulnerable levee system could result in catastrophic disruption of California's state-wide water distribution system. The current configuration of SSJ Delta channels and islands impedes ingress of saline water from San Francisco Bay with the tides, and loss of these island barriers, particularly in the western Delta, would likely result in greatly increased salinities at the intakes for the (Ingebritsen and Ikehara 1999) . Over two-thirds of Californians obtain at least a portion of their drinking water from the SSJ Delta; and, vast agricultural acreage in the San Joaquin valley, as well as approximately half a million acres in the Delta, depend on SSJ Delta water for irrigation.
The threat posed by land-surface subsidence is compounded by sea level rise. Sea level rose 15 to 20 cm during the twentieth century (Miller and Douglas 2004) , and the rate of sea level rise is expected to increase during the twenty-first century as global warming continues. Models considering only thermal expansion of seawater predict 14 to 32 cm of sea level rise between 2000 and 2100 (Meehl and others 2005) . Modeling of the response of Arctic and Antarctic ice to current global warming trends suggests sea level rise of 100 cm between 2000 and 2100 is probable (Overpeck and others 2006) . Thus, even in the absence of continued land subsidence, the elevation difference between SSJ Delta waters and island land-surfaces is likely to increase by 0.2 to 1.0 cm/yr between 2000 and 2100, increasing the stress on the levees.
Maintaining reliability of California's water distribution system in its current configuration requires mitigation of the effects of land-surface subsidence and sea level rise on the SSJ Delta islands. Permanent shallow flooding will slow further subsidence of the SSJ Delta islands by reducing oxidation and compaction of the peat. However, the current sediment supply to the Delta from the Sacramento and San Joaquin river system is insufficient to fill the subsided lands once they are opened to tidal action Schoellhamer 2004 and Mount and Twiss 2005; Orr and others 2003) . Because the peat layer in the SSJ Delta originally developed in wetlands, re-establishing wetlands to re-create anaerobic conditions may be a management tool for mitigating subsidence by accreting new "peat," and thereby increasing land-surface elevations.
Land-Surface elevation Gain in Wetland Systems
The rate of land-surface elevation gain in wetlands depends on the interplay among hydrologic factors, subsidence, compaction, sedimentation, erosion, plant biomass production, and organic matter decomposition (e.g., Callaway and others 1996; Middelburg and others 1997; Gosselink and Turner 1978; Mitsch and Gosselink 2000) . Material accumulating in wetlands ranges from largely mineral sediments transported into the wetland to largely organic matter produced by primary productivity in the wetland, depending on sediment supply and wetland hydrology. Mineral sediment deposition generally dominates in high-energy systems with high sediment supply. Conversely, accumulation of organic matter generally dominates in low-energy, "back-water" environments with low sediment supply. Wetlands with emergent marsh vegetation are among the terrestrial ecosystems with the highest rates of net primary productivity (e.g., Whittaker and Likens 1975) , and in settings where environmental conditions act to minimize organic matter decomposition and export, organic matter accumulates. In environments of organic accumulation an influx of mineral sediment disrupts the peat formation process (Kosters and others 1987) , and can compact the accumulating organic material with a substantial increase in the bulk density of the substrate (Bloom 1964; Marachi and others 1983; others 1995: Ford and others 1999) .
In the past, wetland restoration in the SSJ Delta was generally thought of in terms of tidal wetlands produced by breaching levees on subsided islands. However, for the deeply subsided Delta islands, simply breaching levees produces environments with water too deep to permit growth of emergent marsh vegetation, such as Franks Tract and Mildred Island (Orr and others 2003) . Therefore restoring tidal wetlands on deeply subsided islands will require raising land surfaces to tidal ranges. This can be addressed by implementing non-tidal wetlands with managed hydrology to maximize accretion of biomass over long time frames.
Because agriculture is the predominant land use on most SSJ Delta islands, an initial series of pilot studies was conducted to compare the potential of different water management practices to stop ongoing subsidence and increase land-surface through biomass accretion. Permanent shallow flooding, permanent deep flooding, seasonal (winter) flooding, and non-seasonal flooding of 10 by 10 meter mesocosms on Twitchell Island were evaluated for net carbon sequestration between 1995-1998. By comparing biomass production, organic matter decomposition, and gaseous carbon flux, Miller and others (2000) showed permanent shallow flooding resulted in an anaerobic site covered with emergent vegetation that had the highest net positive balance between inputs and losses of carbon, and therefore the greatest subsidence reversal potential through biomass accretion and carbon sequestration. These results indicated two important things. First, it appears unlikely that agricultural activities requiring even periodic land drainage would result in significant land-surface elevation gains, and second, that site hydrology drives differences in biological and biogeochemical processes responsible for biomass accretion and carbon sequestration.
Based on the findings from the pilot study (Miller and others 2000) , we designed a long-term, fieldscale demonstration project for examining carbon inputs and losses, and the subsequent rates of carbon storage and subsidence reversal potential of wetlands under permanent shallow flooding conditions. The objective of the study described here is to assess the subsidence reversal potential of restored wetlands by analyzing periodic measurements of land-surface elevation changes relative to local benchmarks and cores of new and old soil material taken between 1997 and 2006. Previously published studies from the Twitchell wetlands project include Gamble and others (2003) , describing wetland hydrology; Bossio and others (2006) , examining the soil microbial community composition change with flooding; and Fleck and others (2007) on the dissolved organic carbon (DOC) loads from the wetland after flooding.
MethoDS

Site Description
The project was carried out on Twitchell Island, bordered on the south by the San Joaquin River, in the western SSJ Delta (Figure 1 ). Twitchell Island was drained and fully surrounded by levees by 1869. Since then, the levees have been reinforced several times, most recently in 2006. The island is principally used for agricultural purposes, primarily irrigated row crops and pasture. Currently, land-surface elevation on the island is as much as 6 meters below sea level, and there is potential for further subsidence because 3 to 9 meters of peat still remains on the island (Gamble and others 2003; DWR 1995) .
In 1997, two, 3 Ha wetland sites were established in the central part of the island (Figure 2 ). The sites were constructed on a former agricultural field by excavating surface soil and using that soil to build berms around the excavated area to contain the wetlands. The east and west wetland sites were permanently flooded to depths of 55 cm and 25 cm, respectively, to support emergent marsh vegetation. The specific conductance of water from the San Joaquin River supplying the wetlands ranged from 0.1 to 1.1 μS/cm, varying seasonally, with highs occurring in late fall after the dry season, and lows in spring, following winter rains and mountain snow melt. Periodic measurements of daytime inlet river water taken during this study showed that pH ranged from 7 to 8.5, with an average of 7.5, and had dissolved oxygen concentrations greater than 50 percent as it entered the wetlands (YSI 556 MPS).
A gravity siphon pipe supplied water from the San Joaquin River to the wetlands. Each wetland had an inflow pipe located near its southeast and southwest corners, and two outflows located near the center of its north side ( Figure 2 ). Adjustable weirs installed in the outflows controlled water depths in the wetlands. Maintaining the target water depths of approximately 55 cm in the east wetland and 25 cm in the west wetland required periodic addition of boards to the tops of the weirs as material accumulated and landsurface elevations increased. Mean inflow rates to both wetlands were 900 ± 200 L/min (Gamble and others 2003) . Based on these inflow rates, the calculated mean water residence times were 6 days in the west wetland and 13 days in the east wetland. The impounded, non-tidal design resulted in efficient trapping of the small amount of suspended solids carried in the inflow water (Fleck and others 2007) , and eliminated losses from erosion or export.
Plant communities evolved at different rates in the west and east wetlands after flooding, despite planting tules (Schoenoplectus acutus) over about three percent of the western end of each wetland prior to flooding. In the first growing season, algae were abundant, and Myriophyllum aquaticum (water milfoil) colonized areas of both wetlands. By the end of the first growing season (1998), cattails (Typha spp.) had colonized mid and southern portions of the east wetland, and most of the west wetland. Cattails probably colonized the southern and central parts of the wetland first because strong prevailing northwest winds drove seeds and vegetative propagules to the south; and emergent marsh vegetation first established in more quiescent zones of water, where there was some shelter from wind and wave activity. 
Land Surface elevation Measurements
Changes in land-surface elevation were determined using a surface elevation table, which is a modified sedimentation-erosion table (SET) (Boumans and Day 1993; Cahoon and others 2002) . The SET measures small changes in elevation relative to a fixed local reference plane. The instrument consists of a flat plate at the end of a horizontal arm connected to a vertical arm that fits into aluminum base support pipes cemented to the top of the benchmark pipes at the sampling sites. The vertical distance between the flat plate and the benchmark is fixed, thus the plate is a fixed reference plane.
Prior to flooding, fixed reference benchmarks for SET measurements, and 50 cm by 50 cm feldspar marker horizons to serve as reference surfaces for measuring accretion of new material in the wetlands were installed. At eight permanent sampling sites spatially distributed across each wetland and accessed by boardwalks and piers (Figure 2 ), a benchmark was installed 2 to 3 m beyond the end of the pier using steel pipe driven to refusal through the peat layer and into the underlying sands.
SET measurements were made in December 1997 , June 1998 , May 1999 , May 2000 , May 2001 , January 2003 , and April 2005 , using a temporary bridge from the pier to access each benchmark. The measurement pins of the SET were carefully lowered through nine holes in the plate until the 5-cm diameter feet on the bottoms of the pins made contact with wetland sediment. The distance between the plate and the landsurface was determined from the length of each pin above the plate. Each sampling site yielded 36 measurements (except when the presence of vegetation prevented lowering of some of the pins) because the vertical arm fit in the base support in four directions, at ninety degree angles to one another.
While emergent vegetation colonized all SET sites in the west wetland by the second growing season, SET sites in the east wetland reflected its greater spatial variability in vegetation. Specifically, in the east wetland cattails colonized four SET sites in the first growing season, two of which, Sites J and K, were engulfed by dense emergent marsh vegetation the following growing season, while the other two, Sites GL and HJ, in the central portion of the wetland, remained near the edge of the marsh throughout this study (Figure 2 ). Emergent marsh vegetation colonized Sites L and H in 2000; and Site L was subsequently surrounded by dense marsh vegetation, but Site H, like Sites GL and HJ, remained on the marsh edge. Because emergent vegetation colonized the northern corners of the wetland last, Sites G and I both remained on the outside edge of the encroaching marsh vegetation throughout the period of this study (Figure 2 ).
Accumulation of new Material
Vertical accretion of new material was measured using cryogenic coring over the feldspar marker horizons (Cahoon and others 1995; . At each SET site, four 50 cm by 50 cm feldspar marker horizons were laid down on the soil surface surrounding each benchmark. Cryogenic cores (cryocores) were collected at the same time that SET measurements were made (except no cores were collected in December 1997). During the first few sampling events, cryocore locations within the feldspar marker horizons were selected randomly on a grid. Each node on a 1 cm grid suspended over the marker horizon was assigned a number and a random number generator was used to determine at which grid node the core should be taken. The cryogenic cores were obtained using a straight copper tube with a sharp, closed tip pushed into the sediment far enough to extend through the feldspar marker horizon, and then filled with liquid nitrogen to freeze the sediment adjacent to the tube. The frozen cores were then pulled out and the distance from the sediment surface to the feldspar marker was measured in at least five places around the circumference of the core. The sediment surface in the cryocores was defined as the highest level of brown ice that did not have white ice below it. Plant detritus and roots above this level were not considered part of the accreted sediment.
As emergent vegetation matured, the transition between the water column and the accumulated material on the bottom of the wetlands was much more complex, and the cryocore method became 8 more difficult. Some of the marker horizons were sufficiently broken apart by the growth of vegetation that they were not recovered, and it became increasingly difficult to push the copper tube through the roots and rhizomes. Even when this succeeded, vegetation frozen into cores did not easily break off, bringing attached roots and sometimes whole plants with them. Furthermore, vertical displacement of the feldspar by plant growth made later samplings less reliable even when feldspar from a marker horizon was recovered. This led to the abandonment of many sampling locations and loss of cryocores, resulting in a significant bias in the sampling locations such that plant biomass, particularly roots and rhizomes of the emergent vegetation, was considerably underrepresented in recovered cryocores.
In November 2006 and January 2007, we collected additional cores using a 10 cm diameter, 55 cm long, steel, modified Hargis corer (Hargis and Twilley 1994) . The end of the core barrel was filed to form a sharp edge capable of cutting through the roots and rhizomes of the emergent vegetation, making it possible to collect cores in areas with dense emergent vegetation. Core sample locations were selected randomly at equidistant locations along the boardwalks in both wetlands. After cores were removed from the wetlands, they were sectioned with a hacksaw, and dried at 70°C for 72 hours. The sectioned cores were then weighed, and representative subsamples of the cores were ground with a Tecater mill (1093), ashed at 550° C for 4 h to determine organic matter content, and analyzed for carbon (C) and nitrogen (N) content with a CHNS/O analyzer (Perkin/Elmer series II 2400). Additionally, bulk density, water content, organic matter content, and carbon and nitrogen concentrations were measured in samples of the underlying sediment before and after flooding. Replicate measurements were made on all samples and samples were re-analyzed if the replicates did not agree to within 5%.
Statistical Analyses
Statistical analyses were conducted on the SET and cryocore data to compare results for the two wetlands and to evaluate the significance of temporal trends.
Because the data were often not normally distributed or the sets of results being compared did not have equal variance, the Mann-Whitney Rank Sum Test was used to evaluate the significance of differences. A p-value of 0.05 was used as the threshold for significance, and p-values for statistical tests are reported in the text. Data generally were summarized using median values with inter-quartile range (IQR) as the measure of variance (Helsel and Hirsch 1995) . In some cases, it was appropriate to summarize data using mean values with standard deviation as the measure of variance. Regression analyses to determine rates were done with linear regression when data were normally distributed, and with the nonparametric Kendall-Thiel slope when they were not (Helsel and Hirsch 1995) . The Kendall-Thiel slope is the median of all possible pairwise slopes between the data points.
ReSULtS
Land-surface elevation
Between December 1997 and March 2005, landsurface elevation as measured by the SET in the west wetland increased by a median of 22.6 cm (interquartile range, IQR = 4.9 cm), which corresponds to a median rate of change of 3.1 cm/yr (IQR = 2.8 to 3.5 cm/yr) (Figure 3) . The increase in land-surface elevation was linear at all eight sites (Figure 4a ; R 2 for linear regressions >0.90). Within the west wetland, there was some significant variability in landsurface elevation gain, despite the fact that plant communities in the wetland are relatively homogenous and matured at approximately the same rate. Sites C and CE had significantly greater increases in land-surface elevation than the other six sites (p < 0.0001) (Figure 4a ) with a median rate of elevation increase of 4.1 cm/yr (IQR = 0.6 cm) compared to 3.0 cm/yr (IQR = 0.5 cm) for the other six sites.
Between December 1997 and March 2005, landsurface elevation as measured by the SET in the east wetland increased by a median of 27.4 cm (IQR = 28.0 cm), which corresponds to an average rate of change of 3.8 cm/yr (IQR range = 1.4 to 5.2 cm/yr) 9 (Figure 3) . In contrast to the west wetland, however, change in land-surface elevation in the east wetland showed significant spatial variability (Figure 4b ) reflecting differences in plant community colonization and location within the wetland. The eight east wetland sampling sites fell into three distinguishable groups: Sites J, K, and L (south side); Sites H, GL, and HJ (center); and Sites G and I (north corners) (Figure 4b ; p < 0.0001 for tests comparing 1997-2005 rates for all SET pins in each of the three groups). The median increase in land-surface elevation change along the south side group was 40.3 cm, at a median rate of 5.6 cm/yr (IQR = 1.1 cm/yr). The median increase in land-surface elevation change in the center of the east wetland was 28.1 cm, at a median rate of 3.9 cm/yr (IQR = 1.1 cm/yr). Finally, the median increase in land-surface elevation change at the north corners was less than 1 cm, at a median rate of, 0.1 cm/yr (IQR = 1.5 cm/yr). 
Accumulation of new Material
Cryogenic coring was used to measure sediment accretion. The thickness of new sediment accreted in both wetlands generally increased from 1997 to 2005, with maximum thicknesses of 20 to 30 cm recovered in cryogenic cores from some sites in both wetlands in 2003 and 2005 (Figures 4a and 4b) . However, cores that intersected feldspar marker horizons were not recovered from every sampling site. Recovery was generally lower in the west wetland and decrease with time, as is commonly the case with feldspar marker horizons (Harter and Mitsch 2003) . In addition, cores collected from the four feldspar marker horizons at each sampling site varied in thickness by as much as 15 cm in a single sampling event (Figures 4a and 4b) , indicating significant small scale heterogeneity in sediment accretion. Because there was an incomplete data set and large natural heterogeneity, sediment accretion rates were estimated from the Kendall-Thiel slopes (Helsel and Hirsch 1995) of the data for each sampling site rather than from linear regressions or sediment thickness at the final sampling event in April 2005. The median sedi- ment accretion rate for the eight sites in the east wetland was 1.8 cm/yr (range: 0.5 to 3.5 cm/yr) and 2.0 cm/yr in the west wetland (range: 1.1 to 3.9 cm/yr). The difference between the two wetlands was not statistically significant (p = 0.67), and there were no systematic differences in accretion rates with location in the wetlands, plant community composition, or marsh maturity, although this may be a reflection of the limited data set.
The cores collected in winter 2006-2007 using a Hargis corer were more representative of the material accumulating in the wetlands than the cryocores because they sampled areas with dense emergent vegetation dominating the wetlands. Cores ranged from 15 to 48 cm deep, with an average core depth of 34 cm. The Hargis cores consisted primarily of root and rhizome biomass with lesser amounts of stem and leaf material ( Figure 5 ). The newly accreted material had very low bulk densities which increased with depth, while C:N decreased ( Table 2) . Samples of the oxidized peat soil had a mean bulk density of 0.61 ± 0.01 g/cm 3 prior to flooding, and 0.49 ± 0.02 g/cm 3 in the west wetland and 0.41 ± 0.02 g/cm 3 in the east wetland after flooding. Only the deepest core sections (25 to 35+ cm) from the west wetland had bulk densities approaching the density of the underlying oxidized peat substrate (Table 2) . These deep core sections also had C contents and C:N values similar to the original substrate's 18% C and C:N value of 18, indicating that the deepest core sections from the west wetland were mostly composed of the original substrate. Cores from the east wetland were significantly less dense, and tended to have higher C:N values, than their west wetland counterparts (Table 2) .
DiSCUSSion
Accumulation of Plant biomass and Sediment Accretion
Rates of accretion represent the positive balance of inputs and losses to the environment. Inputs can be imported or produced locally; losses occur through export, herbivory, and decomposition. Land-surface elevation increased in all areas of both wetlands that were colonized by emergent marsh vegetation (Figures 2 and 4 ; Table 1), while areas in the east wetland that were not colonized by cattails and tules, represented by Sites G and I, experienced almost zero change in land-surface elevation (Figure 4b ; Table 1) . Mineral sediment deposition, as evidenced by cryocore data, did not show spatial variability by vegetation or water depth. Also, the suspended sediment load in the inflow water was far to small to provide sufficient sediment to account for the measured sediment accumulation: assuming an average suspended solids content of 30 mg/L (Fleck and others 2007) and a bulk density for the settled solids of 0.1 g/cm 3 , the suspended solids load from the inflow water would only account for 0.47 cm/yr of accumulation. This suggests that plant biomass from emergent vegetation was primarily responsible for observed land-surface elevation increases, and that sediment redistribution within the wetland was an important process. Sediment redistribution through bioturbation, including plant growth, and wind/wave activity likely account for the higher bulk densities and mineral contents in the deeper core sections of the 2006-2007 sampling.
The purpose of this project was to determine if reestablishing wetlands in the Sacramento-San Joaquin Delta could re-create the anaerobic environment where the Delta peat formed in order to reverse subsidence. Historically, this was a region of vast marshes growing behind natural levees, which was characterized by low mineral sediment inputs (e.g., Culberson and others 2004) , as is evinced by the low bulk densities and high organic contents of the accumulated peat itself. The low bulk density, highly organic material accumulating in the Twitchell wetlands (Table 2, Figure 5 ) bears close resemblance to the peat lying below the oxidized, altered peat soil layer on SSJ Delta Islands which is composed dominantly of roots, rhizomes, and stems of tules and reeds (Phragmites australis) (Atwater and Belknap 1980; Goman and Wells 2000) .
The accreted material recovered in the 2006-2007 cores ( Figure 5 ) was primarily plant roots and shoots, thick enough and with sufficient structural integrity to account for the increase in land-surface elevation. Below-ground root biomass was interpreted to account for a significant amount of the land surface elevation gain in cattail/tule marshes on Brown's Island in the Sacramento-San Joaquin Delta (Reed 2002) . Studies of tidal salt marshes with relatively low inputs of inorganic sediment have shown that although mineral sediment may contribute significantly to the dry mass of marsh sediment, nearly all the volume of the sediment is produced by the organic matter (Redfield 1972; Craft and others 1993;  Bricker-Urso and others 1989). Below-ground root structures compose much of the organic matter preserved in marsh sediments because they decompose more slowly than above-ground biomass (Redfield 1972; Hackney and de la Cruz 1980; Craft 2001 ).
Rates of Land-Surface elevation Change
The rates of land-surface elevation gain measured using SET methods in the Twitchell wetlands were significantly greater than rates observed in many natural and restored tidal and non-tidal marshes and greater than accumulation rates estimated for historic peat in the SSJ Delta. Radiometric dates of plant remains in cores through SSJ Delta peat sections and estimates of the rate of sea level rise in San Francisco Bay indicate long-term accumulation rates of 0.05 to 0.41 cm/yr for historic SSJ Delta peat (Goman and Wells 2000; Atwater and Belknap 1980) . Accretion rates in coastal and estuarine salt marshes measured over time-scales of 1 to 50 years are mostly less than 1.5 cm/yr (Reed 2002; Cahoon and Turner 1989; DeLaune and others 1983; Bricker-Urso and others 1989; Callaway and others 1997; Craft and others 1993; Patrick and DeLaune 1990; Callaway and others 1996) , although higher rates have been measured in some systems, including freshwater marshes (Patrick and DeLaune 1990; Bakker and others 1997; Sanchez-Carillo and others 2001; Neubauer and others 2002) . Examination of areas of the SSJ Delta flooded by historic levee breaches indicates that emergent marsh vegetation can colonize regions within approximately 60 cm below mean lower low water level, but rates of land-surface elevation increase in these marshes are less than 1 cm/yr (Simenstad and others 2000; Reed 2002 ). In contrast, mean rates of land-surface elevation gain in the study wetlands were approximately 4 cm/yr, and maximum rates were 7 to 9 cm/yr.
The high rates of land-surface elevation gain found in this study probably reflect a few contributing factors. First, these are measurements of short term rates, which tend to be higher than long-term measurements. Also, since accretion was measured from the start of wetland re-establishment, some of the elevation gains represent root biomass growth concomitant with marsh colonization. Additionally, freshwater marshes, such as this one, preserve greater amounts of organic matter than more saline marshes (Kosters and others 1987) . Finally, the managed hydrology of the Twitchell wetlands affected the inputs and losses of material accumulating in the wetlands.
The spatial and temporal variations in rates of landsurface elevation change in the wetlands suggest that hydrologic factors may be responsible for the observed differences in accretion within the experimental wetlands as they affect the components of accretion: inputs and losses. The first factor is an optimum water depth for colonization of emergent vegetation. The accretion data indicate that significant changes in land surface elevation only occurred in areas that were colonized by emergent marsh vegetation. Thus, optimizing marsh colonization is vital. While the shallower west wetland was almost completely colonized within two growing seasons, the deeper, east wetland had areas still free of emergent marsh vegetation after eight years. However, the difference in accretion rates between emergent marsh areas in the east and west wetlands, and within emergent marsh areas of the east wetland itself, cannot be attributed to differences in biomass production, which were uniformly high at both water depths (Miller and Fujii, submitted) . Rather, the differences in accretion rates between the wetlands and within emergent marsh areas of the east wetland appeared to reflect differences in rates of decomposition of marsh plant biomass inputs (unpublished data). This was also reflected in the accreted material in the 2006/2007 cores, where the higher bulk density and lower C:N values in the cores from the west wetland indicated a greater degree of decomposition than in the east wetland. Also, since the wetland design excluded exports from tidal flushing, high flows, or other such erosion forces, and only a small proportion of plant productivity is lost to herbivory in marshes (Mitsch and Gosselink 2000) , sources of loss apart from decomposition were limited. This suggests the effect of the hydrologic environment on decomposition dynamics was also important to achieving high rates of accretion.
Decomposition of organic matter is controlled in part by wetland hydrology (Craft 2001; Gosselink and Turner 1978; Wetzel 2001) and is slowest under permanent flooding where anaerobic conditions are maintained. In tidal systems where soils are regularly exposed to aerobic conditions, the fraction of the net primary production of plant biomass eventually preserved in the soil ranges from less than 1% in mineral sediment dominated settings to less than 10% in organic matter dominated settings (Callaway and others 1996; Middelburg and others 1997; Craft and others 1993) . In contrast, in more continuously flooded systems, preservation rates can be greater than 50% (Craft 2001; Collins and Kuehl 2001) . Atwater and Belknap (1980) estimated that the historic SSJ Delta peat deposits represent preservation of at least 20% of the net primary production of plant biomass.
Managing the wetlands to maintain relatively constant water depths in the marsh to keep pace with colonization of emergent plants and accretion of biomass contributed to the comparatively high accretion rates. Elevation gain in tidal wetlands is limited to the rate of sea level rise (Culberson and others 2004) . In systems that are allowed to evolve naturally, when the marsh plain becomes high enough that the roots are no longer submerged, even seasonally or periodically, aerobic conditions are re-established in the soil, resulting in faster rates of organic matter decomposition (Bricker-Urso and others 1989; Neubauer and others 2002; Craft and others 1993; Callaway and others 1996) . Accumulation of organic matter in the Twitchell wetlands was not limited because as material accumulated, the heights of the outflow weirs were raised to maintain water depths and anaerobic conditions for continued accumulation under permanently shallowly flooded conditions.
In this study, greatest rates of accretion were measured in the vegetated areas of the east wetland. Because inflow rates to each wetland were similar, water residence times in the deeper, east wetland were about double those of the shallower, west wetland. It has been shown that wetlands with a mixture of dense emergent vegetation and open water areas develop patterns of preferential water flow paths through the more open water areas (Harter and Mitsch 2003; Fennessy and others 1994) . Within the east wetland, the vegetated sites with the highest accretion rates (sites J, K, and L) were the interior marsh sites, which were probably most isolated from river water flow and exchange, or "backwater" areas with the longest water residence time. This link between "backwater" environments with long residence times and high accumulation rates presents an intriguing opportunity that should be studied to develop management approaches to maximize accretion rates.
Potential for Subsidence Reversal
In order for wetland restoration to be an effective means of subsidence reversal in the SSJ Delta, the high short-term rates of land-surface elevation gain measured in these wetlands must be sustainable over a long time period. Our results show that with permanently flooded conditions and managed water depths, short-term accretion rates as high as 7 to 9 cm/yr can be obtained. However, the accumulated material may still be subject to compaction as the accumulated thickness reaches many meters. This compaction needs to be considered when estimating the longterm subsidence reversal potential of re-established marshes.
Long-term compaction rates depend on the nature of the material accumulating. When plant biomass is the primary material accumulating in wetlands-suggesting peat development is taking place-then long-term compaction is related to the extent of decomposition of the organic material. SSJ Delta peat has dry bulk densities of 0.1 to 0.3 g/cm 3 , and no trends in bulk density with depth in cores have been observed (Atwater and Belknap 1980; Marachi and others 1983) . Marachi and others (1983) estimated that the peat layer would not compact under its own weight unless it was several hundred feet thick. However, increasing mineral sediment inputs increases the bulk density and consequent compaction rates of accreting material (Ford and others 1999) .
Bulk densities of the newly accreted material in the 2006 cores were less than 0.1 g/cm 3 pt, similar to bulk densities measured in other plant biomass dominated systems. Material accumulating in many tidal marshes with low inputs of mineral sediment has bulk densities between 0.09 and 0.3 g/cm 3 (Craft and others 1993; Bricker-Urso and others 1989; DeLaune and others 1983; Callaway and others 1997) . In all these cases, the organic matter provides structure to the accumulating material and most of the water content is associated with the organic matter. The similarity in bulk density between the historic peat and the biomass accumulating in the wetlands suggests that as plant biomass continues to accumulate in the wetlands, reaching thicknesses of several meters, it will not necessarily undergo any significant compaction because its low bulk density makes it extremely buoyant. Thus, the short-term rates of land-surface elevation gain measured in this study may very well be sustainable under continuously flooded conditions.
These results reflect the establishment of specific hydrologic conditions that are important contributors to the high accretion rates measured in this study that are not true of all freshwater wetland systems. In particular, permanent shallow flooding that favors emergent marsh establishment and maintains anaerobic sediments is important for supplying large amounts of plant biomass inputs while slowing decomposition losses. Water depth management as organic matter accumulates helps maintain substrate buoyancy, and limits desiccation and compaction. Also, low water flows are important to establish long water residence times, and minimize flushing or exchange that can increase rates of loss from the wetlands. Wetland restoration represents a significant change from current land-use practices on the subsided SSJ Delta peat islands. To maintain the gains in land-surface elevation produced by wetland restoration, the areas will need to be permanently kept as wetlands. The material accumulating in the wetlands would eventually have properties similar to the historic peat, and be similarly vulnerable to subsidence if it were drained and cultivated in the future.
Accumulation of organic matter in wetlands is an important global sink for carbon (Chmura and others 2003; Mitra and others 2005) . Even very low bulk density material can contain a substantial amount of carbon on an aerial basis. For instance, 3 to 5 cm of newly accreted material in these wetlands can represent storage of more than 1 kg of carbon per square meter. Furthermore, restoration of permanently flooded wetlands on drained organic soils stops the loss of the old peat substrate to oxidation processes, a current source of carbon dioxide to the atmosphere.
Along with turning a carbon source back into a carbon sink, mitigating and reversing subsidence through wetland re-establishment can reduce the risk of levee failure by reducing the amount of seepage under and through levees as the hydrostatic pressure is decreased; and, at the same time, it can reduce the amount of accommodation space for flooding and salt water intrusion following catastrophic levee failures (Mount and Twiss 2005) . Furthermore, restoration of marshes on SSJ Delta islands could reduce the force of flood water moving across an island following levee failure, as the friction created by the marsh vegetation slows water movement, thereby reducing the likelihood of additional levee failures, and decreasing the potential for extensive contamination of an important source of drinking water for California. Finally, re-establishing marshes in the SSJ Delta would restore wetland habitat in an important region of the Pacific Coast flyway, a primary bird migration route, and return important wetland functioning processes to the area, such as filtering and nutrient removal (Johnston 1991; Arheimer and Wittgren 2002; Verhoeven and others 2006) .
Our results show that restored non-tidal, impounded wetlands with managed hydrology can produce large short-term rates of land-surface elevation gain. Maximum rates of 7 to 9 cm/yr were measured, and average rates were close to 4 cm/yr. These rates are higher than observed in many other wetlands. In these wetlands, water management affected inputs and losses, resulting in a hydrologic environment that produced and preserved large amounts of organic matter. Accumulating plant biomass appears to account for the majority of the land-surface elevation gain, suggesting that the material accumulating in the wetlands resembles peat in composition, and may not be subject to significant long-term compaction if kept saturated. Under current land-use practices, the SSJ Delta peat islands may continue to subside at rates of 0.6 to 4.0 cm/yr (Rojstaczer and Deverel 1995) . Re-establishing wetlands can result in land surface elevation gain associated with organic matter accretion and in cessation of loss in landsurface elevation associated with current land-use practices, thus the net benefit of wetland restoration on subsiding SSJ Delta peat islands may be 5 to 13 cm/yr of land-surface elevation change.
